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Semliki forest virus (SFV) was biosynthetically labeled with pyrene phospholipids and used to investigate two alternative
routes of entry of SFV into BHK-21 cells: (1) receptor-mediated endocytosis followed by fusion of the viral envelope with
the endosomal membrane and (2) direct fusion of SFV with the plasma membrane induced by low pH treatment. The
selective inhibitor of the vacuolar proton-ATPase, concanamycin A, abolished fusion and subsequent infection only when
the virus utilized the endocytic route to enter cells. The inhibitory effect of this macrolide antibiotic was bypassed by low
pH treatment of cells. However, the ionophore nigericin was inhibitory irrespective of the route used by the virus to infect
cells, suggesting the necessity of a transmembrane pH gradient for the entry process. According to our results, concanamycin
A emerges as a suitable tool for selectively investigating the involvement of endosomal function in animal virus
entry. q 1997 Academic Press
somes are further transported to the lysosome compart-Enveloped animal viruses rely on membrane fusion to
ment (Marsh et al., 1983; Kielian et al., 1986).deliver their genome into host cells (White, 1990; Lamb,
The use of inhibitors of vacuolar acidification, such as1993; Kielian, 1995). After binding to the cell surface,
weak bases and carboxylic ionophores, has been crucialmany enveloped animal viruses enter cells by receptor-
for the elucidation of this pathway (Ohkuma and Poole,mediated endocytosis (Marsh and Helenius, 1989; Ca-
1978; Schlegel et al., 1981; Helenius et al., 1982; Marshrrasco, 1994). Once virions are located in endosomes,
et al., 1982; Seglen, 1983). However, these agents areseveral structural rearrangements of the virus particles
not specific for endocytic organelles and affect all acidictake place after their exposure to the low pH present
compartments in the cell. Therefore, to unravel the pre-in the lumen of these organelles (Gaudin et al., 1995;
Helenius, 1995). The alphavirus Semliki forest virus (SFV) cise role of the endosomal route in the process of virus
contains a spike complex formed by trimers of E1, E2, entry, the use of various agents displaying different ac-
and E3 glycoproteins which are present on the virion tions targeted to the components of the endocytic path-
surface (Ve´nien-Bryan and Fuller, 1994). This spike com- way would be desirable. In fact, recent findings suggest
plex undergoes a number of alterations upon exposure that, apart from endosome acidification, additional fac-
to an acidic environment leading to the dissociation of tors such as the maintenance of a transmembrane elec-
E2 from E1, homotrimerization of E1, and swiveling of trical potential and a pH gradient play a part in the pro-
the glycoprotein heterodimers (Wahlberg et al., 1992; cess of virus entry into cells (Perez and Carrasco, 1994;
Wahlberg and Garoff, 1992; Bron et al., 1993; Klimjack et Guinea and Carrasco, 1994a, 1995; Carrasco, 1995).
al., 1994; Fuller et al., 1995). Eventually, E1 will mediate Thus, influenza virus, SFV, and VSV require a pH gradient
fusion between the virus envelope and the membrane to infect cells (Guinea and Carrasco, 1994a, 1995; Ca-
of late endosomes by an as yet unsolved mechanism rrasco, 1995).
(Hughson, 1995; Helenius, 1995). As a consequence of Acidification of the endosome is specifically driven by
the fusion between the two membranes, delivery of the the proton-pumping activity of the vacuolar proton-
nucleocapsid to the cytoplasm ensues before the endo- ATPase (v-[H/]ATPase) (Mellman et al., 1986; Schneider,
1987; Gluck, 1993). Concanamycins are a family of mac-
rolide antibiotics isolated from Streptomyces diastato-
1 Present address: Departamento de Bioquı´mica (Grupo Biomembra- chromogenes that are highly selective inhibitors of these
nas, Unidad Asociada al CSIC), Universidad del Paı´s Vasco, Apartado proton pumps (Nelson and Taiz, 1989; Zeuzem et al.,644, 48080 Bilbao, Spain.
1992; Dro¨se et al., 1993). We have recently shown that2 To whom correspondence and reprint requests should be ad-
dressed. concentrations of concanamycin A in the nanomolar
4880042-6822/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID VY 8340 / 6a27$$$101 12-31-96 09:52:23 vira AP: Virology
489SHORT COMMUNICATION
range effectively block the entry of a number of enve-
loped animal viruses into cells (Guinea and Carrasco,
1994a,b; Carrasco, 1995). Nigericin and monensin, on
the other hand, are carboxylic ionophores widely used
in studies of virus entry that induce endosome neutraliza-
tion (Ohkuma and Poole, 1978). Nigericin functions as a
mobile cation carrier exchanging potassium for protons
across membranes (Pressman, 1976), leading to inhibi-
tion of the low pH-dependent entry of animal viruses
into cells (Guinea and Carrasco, 1994b, 1995). Given the
differences in the mechanism of action between this
ionophore and concanamycin A, we examined the effects
displayed by these two compounds on SFV entry into
cells. Viral entry was detected by two complementary
assays: fusion of viral and cellular membranes and bio-
synthesis of viral proteins.
For viral fusion assays, the SFV membrane was bio-
synthetically labeled with pyrene as previously described
(Pal et al., 1988; Wahlberg et al., 1992; Bron et al., 1993;
Nieva et al., 1994). Briefly, BHK cells growing in 850-cm2
glass spinning bottles were cultured in the presence of
15 mg/ml of the fluorescent probe 16-(1-pyrenyl)hexade-
canoic acid (Molecular Probes, Eugene, OR) for 2 days FIG. 1. (A) Fusion of SFV with the endosomal membrane as detected
by dilution of viral pyrene-labeled lipids. Fluorescence emission spectrato allow its incorporation to cellular membranes. When
of pyrene-labeled SFV were recorded before (solid line) and after 30cells reached confluency, pyrene medium was replaced
min (dotted line) internalization in BHK-21 cells at 377, as described inby fresh pyrene-free medium containing SFV at a m.o.i.
the text. Viral fusion can be monitored either by calculating the de-
of 10 PFU/cell, 1% fetal serum, and 30 mM HEPES (pH crease in the excimer-to-monomer ratio at different time points (Steg-
7.4). After 90 min adsorption time, more medium was man et al., 1993) or, on-line, by monitoring the excimer fluorescence
decrease (Nieva et al., 1994). For data processing, the software sup-added to achieve a final concentration of 5% fetal calf
plied with the fluorometer (Aminco Bowman Series 2 fluorometer, SLM/serum. Cells were infected for 1 day at 377 and new,
Aminco 810 W, Urbana, IL) was used. E, excimer; M, monomer; a. u.,fluorescent progeny virus was harvested and purified as
arbitrary units. (B) Inhibition of SFV fusion with endosomal membranes
described (Bron et al., 1993; Nieva et al., 1994). The py- by nigericin and concanamycin A after internalization in BHK-21 cells.
rene-labeled SFV was titrated by plaque assay and di- The cells were preincubated with the drugs in TXA medium starting
15 min before viral adsorption at 47 for 1 hr. Internalization was startedluted 1:5 in (pH 6.8) TXA medium [DMEM buffered with
by injecting ice-cold pyrene-labeled SFV–cell complexes into a fluo-HEPES and MES (Sigma) and lacking phenol red and
rometer cuvette containing prewarmed Hank’s medium (377) and thebicarbonate], supplemented with 1% BSA (Sigma) prior
compounds as described in the text. At the times indicated, emission
to use for infections. Pyrene labeling of SFV according spectra were collected and E/M ratios calculated. Open circles, non-
to this procedure did not affect the infectivity of the virus. treated infected cells; solid circles, 50 nM concanamycin A-treated
infected cells; open squares, 5 mM nigericin-treated infected cells. (C)Pyrene-labeled SFV was subsequently used to monitor
Effects of nigericin and concanamycin A on the infection of SFV underfusion of the virus particles with the endosomal mem-
neutral (pH 7.0) conditions after adsorption at 47. Where indicated, BHKbrane after internalization. To this end, 7–8 1 105 BHK
cells were preincubated for 15 min in TXA medium with 5 mM nigericin
cells growing on glass coverslips inside P35 plates were or 50 nM concanamycin A. Infection was performed with SFV at m.o.i.
washed twice with cold TXA medium (pH 6.8) supple- 50 PFU/cell in cold TXA medium (pH 7.0) for 1 hr on ice. After this time,
unbound virus was removed by washing the cells several times withmented with 1% BSA prior to incubation with pyrene-
cold TXA medium at pH 7.0. Entry at 377 was carried out for 20 min in thelabeled SFV at m.o.i. 50 PFU/cell in the same medium
same medium, in the presence or absence of compounds as indicated.for 1 hr at 47. Unbound viral particles were removed by
Excess virus was then removed by washing and cells were incubated
washing with Hank’s medium (137 mM NaCl, 2.7 mM at 377 in DMEM–1% fetal calf serum until the labeling period. At 5.5
KCl, 8 mM Na2HPO4 , 1.5 mM KH2PO4 , 0.9 mM MgCl2 , hr p.i., the proteins were labeled with 20 mCi/ml of [35S]methionine (1.45
Ci/mmol, Amersham) in methionine-free medium and subsequently an-0.9 mM CaCl2 , 1.11 g/liter glucose, 0.88 g/liter citrate,
alyzed by SDS–PAGE and fluorography.and 98.6 mg/liter MgSO4) plus 10 mM HEPES (pH 7.4)
and supplemented with 1% BSA. BHK cells with the
bound SFV were detached at 47 with a rubber policeman. emission of cells in order to obtain the pyrene fluores-
cence signal arising from SFV lipids.To initiate internalization, cells with the bound SFV were
added to a stirring cuvette containing prewarmed Hank’s Upon excitation at 343 nm, the pyrene probe forms
excimers (excited dimers, E in Fig. 1A) which fluoresce atmedium (pH 7.4; 377). Emission spectra were collected
at several time points and corrected for background 475 nm, approximately 100 nm higher than the emission
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wavelength of excited monomers (M in Fig. 1A). Excimer inhibitors, it was also of interest to assay their effects on
SFV membrane fusion and virus infection induced by lowformation in the labeled virus is dependent on the surface
density of labeled phospholipids. Upon fusion of the in- pH. After 1 hr adsorption at 47, BHK cells with fluorescent
SFV bound to their surface were added to a prewarmedternalized pyrene-labeled virus particle with the unla-
beled endosomal membrane, the pyrene phospholipids and stirring cuvette containing H5NE buffer [5 mM
HEPES, 150 mM NaCl, and 0.1 mM EDTA (pH 7.4)] [sup-are diluted in the target membrane (mixing of viral and
endosomal membrane lipids), resulting in a decrease in plemented with 1% BSA, and after 10 sec, fusion was
initiated by injection of a pretitrated volume of 0.3 M MESthe pyrene excimer fluorescence intensity at 475 nm and
a concomitant increase of the pyrene monomer fluores- (pH 5.2) to achieve a final pH of 5.55 in the cuvette. On-
line monitoring of fluorescence at 475 nm was performedcence at 396 nm. The excimer-to-monomer ratio (fluores-
cence intensity at 475 nm/fluorescence intensity at 396 for several minutes. The extent of fusion was expressed
as the relative decrease of excimer fluorescence (Fig.nm, E/M ratio) is proportional to the surface density of
pyrene-labeled lipids in the membrane and decreases 2A). The fusion process under these conditions was very
fast (T1/2  2 sec) and was completed in about 5–10 sec,after fusion (Galla and Hartmann, 1980). Figure 1A shows
a decrease from 0.44 at time 0 to 0.28 at 30 min after suggesting that the virus did not need to be transported
into endosomes to obtain fusion. Again the lipid mixingSFV internalization.
To analyze the effects of concanamycin A (K. Altendorf, kinetics showed a good correlation with the kinetics of
viral RNA penetration measured by White et al. (1980),University of Osnabru¨ck, Germany) and nigericin (Sigma)
on SFV fusion during virus entry, the E/M ratios were indicating that both methods monitored coupled events
during entry. Moreover, the pH dependence of lipid mix-measured after different times in the presence and ab-
sence of these compounds (Fig. 1B). A decrease in the ing (inset in Fig. 2A) also paralleled the pH dependence
of viral RNA penetration.E/M ratio was observed in control cells lacking inhibitor
from the initial addition of the virus inoculum, which pla- The effects of concanamycin A and nigericin on SFV
fusion with the plasma membrane were subsequentlyteaued about 30 min after warming to 377. This indicates
that the viral envelope of SFV bound to cells and internal- studied by monitoring the low pH induced decrease of
excimer fluorescence (Fig. 2A). The presence of conca-ized in endosomes fused with the endosomal membrane.
The lipid mixing kinetics that we obtained (T1/2  15 min) namycin A slightly affected this fusion step (19% inhibi-
tion), while the presence of nigericin had a relativelyare comparable to the RNA uncoating and E1 conversion
kinetics measured by Kielian et al. (1982). This fact sug- strong inhibitory effect (60% inhibition). This inhibitory
effect is unlikely to be due to a direct action of nigericingests that the lipid mixing assay scores a kinetically
coupled event during virus entry. The presence of conca- on the membrane fusion activity of the virus as shown
by experiments with liposomes. When SFV fusion activitynamycin A blocked the E/M ratio decrease (Fig. 1B), in
agreement with the concept that the pH in endosomes was assayed using liposomes as target membranes
(White and Helenius, 1980; Nieva et al., 1994), compara-must diminish to bring about the fusion process (Marsh
and Helenius, 1989). This result further corroborates the ble activity was observed in the presence or absence
of the inhibitors (Fig. 2B). Therefore, nigericin-inducedimplication of a role for the v-[H/]ATPase in endosome
acidification (Gluck, 1993). The concentrations of conca- inhibition of SFV fusion with BHK cells at low pH is con-
fined to the cellular fusion process. In fact, as shownnamycin A used were not toxic for control uninfected BHK
cells as estimated by their capacity to support protein below, the partial inhibition of fusion induced by nigericin
was followed by a total absence of productive infection.synthesis after incubation (Fig. 1C). Moreover, the antibi-
otic potently blocks virus infection when present at these The effects of concanamycin A and nigericin on SFV
virus infection of BHK cells under acidic conditions areconcentrations (Fig. 1C). These results show that the
inhibitor of the vacuolar proton-ATPase concanamycin A, illustrated in Fig. 2C. The inhibitory effect of concana-
mycin A at neutral pH was prevented by the low pHpreviously shown to be the most potent inhibitor of ani-
mal virus entry (Guinea and Carrasco, 1994b), does so treatment of SFV bound to the cell surface. It must be
noted that to overcome the inhibition of SFV entry byby interfering with the fusion step. The ionophore nigeri-
cin also blocked fusion and infection (Figs. 1B and 1C) concanamycin A under acidic conditions the virus needs
to be prebound to cells (Guinea and Carrasco, 1994b).in accordance with the ability of this compound to neu-
tralize endosomes (Ohkuma and Poole, 1978). This result is in agreement with the idea that entry is
independent of the endosomal acidification mediated byIncubation of cell surface-bound virus in mildly acidic
medium (pH 5.5–6.0) triggers fusion of the viral and the the v-[H/]ATPase under these conditions. On the con-
trary, a strong inhibition of virus entry was detected whencellular membranes (Helenius et al.,1980; White et al.,
1980). Thus, under these conditions, direct infection may nigericin was present in the medium. It is highly improba-
ble that this short treatment with nigericin does interfereoccur through the plasma membrane without a need for
endosomal function to drive the entry process. Since con- with viral translation. Infection inhibition at the level of
RNA synthesis has been previously reported to occurcanamycin A and nigericin are both specific endosomal
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in this case (Fig. 2C) the low pH treatment did not over-
come the inhibitory effect of this carboxylic ionophore,
further suggesting that low pH alone is not sufficient
to promote virus entry through the plasma membrane
(Carrasco, 1994; Guinea and Carrasco, 1995). We explain
these findings in terms of a requirement of a pH gradient
to drive the entry of SFV into BHK cells (Perez and Ca-
rrasco, 1994; Perez et al., 1994). Nigericin, as an acidic
ionophore, readily incorporates into membranes and ex-
changes potassium for protons, dissipating the artificially
generated transmembrane pH gradient under acidic con-
ditions. Therefore, two competing processes occur: one
is membrane fusion promoted both by low pH and the
pH gradient generated when acidic medium is added; the
other process that would block fusion is the accelerated
dissipation of the proton gradient induced by nigericin.
Therefore, fusion with the plasma membrane at low pH
will occur as long as the pH gradient has not been de-
stroyed by nigericin. In addition to the pH gradient, the
maintenance of the electrochemical gradient has also
been pointed out as necessary for the fusion of SFV
FIG. 2. (A) Effect of nigericin and concanamycin A on SFV fusion with with the endosomal membrane (Helenius et al., 1985).
BHK-21 cells promoted by low pH medium. Cells were preincubated 15
Surprisingly, however, neither transmembrane pH nor ionmin with the compounds and during 1 hr of viral adsorption in TXA
gradients are required for SFV–liposome fusion (data notmedium (pH 6.8) at 47. Fusion was recorded continuously as a decrease
in pyrene excimer fluorescence (intensity at 475 nm). The reaction was shown; Helenius et al., 1985). Therefore, we conclude
started after 10 sec by acidifying pyrene-labeled SFV–cell complexes that these gradients appear to be a key exclusively for
to pH 5.55 in H5NE buffer which also contained the compounds when the case of SFV fusing with cells.
indicated. The initial excimer fluorescence level, 1.0, corresponds to
The need for pH gradients as an additional require-0% fusion, and the fluorescence level of noninfected cells, 0.0, to 100%
ment for virus entry into cells has been widely docu-fusion (maximal dilution of pyrene lipids). Nontreated infected cells (a);
infected cells treated with 50 nM concanamycin A (b); infected cells mented (reviewed in Carrasco, 1994, 1995). This notion
treated with 5 mM nigericin (c). Inset: pH dependence of SFV fusion is extended in the present work by demonstrating that
with the plasma membrane. (B) Low pH induced fusion of pyrene- the fusion step may be severely impaired when the gradi-
labeled SFV with liposomes. Effect of nigericin and concanamycin A.
ent is abolished, a phenomenon that, in the case of theFusion of pyrene-labeled SFV with liposomes was assayed as de-
SFV and BHK cells, is followed by the absence of produc-scribed by Nieva et al. (1994). Large unilamellar vesicles made of PC/
PE/SPM/CHOL (molar ratio 1:1:1:1.5) (Avanti Polar Lipids, Inc., Bir- tive infection as detected by the lack of viral protein syn-
mingham, AL) were used as target membranes. The fusion reaction thesis. Nevertheless, nigericin did not completely block
was initiated after 10 sec by lowering the pH to 5.55 as described and the membrane fusion step in acidic medium. If the re-
the excimer fluorescence recorded continuously as in A. Nontreated
maining fusion activity was accompanied by release ofpyrene-labeled SFV–liposomes (a); pyrene-labeled SFV–liposomes
nucleocapsids into the cytoplasm, other cellular factorstreated with 50 nM concanamycin A (b); pyrene-labeled SFV–liposomes
must be involved in blocking the subsequent progressiontreated with 5 mM nigericin (c). Inset: pH dependence of SFV fusion
with liposomes. (C) Effects of nigericin and concanamycin A on the of the infection. In this respect, it is important to note that
infection of SFV under acidic (pH 5.5) conditions after adsorption at 47. delivery of the nucleocapsid directly into the cytoplasm is
Where indicated, BHK cells were preincubated in TXA medium for 15 not always sufficient to give rise to infection (White et
min with 50 nM concanamycin A or 5 mM nigericin. Adsorption was
al., 1980).performed with SFV at m.o.i. 50 PFU/cell in cold TXA medium (pH 7.0)
The results presented here show that concanamycinfor 1 hr on ice. After this time, unbound virus was removed. Entry at
377 was achieved for 20 min in the presence or in the absence of A is the most potent inhibitor of animal virus entry known
drugs in acidic (pH 5.5) TXA medium. Then, cells were washed and to date. Clearly, this antibiotic at concentrations as low
kept in neutral DMEM–1% fetal calf serum until the labeling period. At as 50 nM prevents the release of the nucleocapsid into
5.5 hr p.i., protein synthesis was analyzed as described in the legend
the cytoplasm by inhibiting fusion between the viral andto Fig. 1C.
endosomal membranes. Since this inhibitory effect is
now well characterized, we propose the use of concana-
mycin A as a selective tool to investigate the routes ofonly when the ionophore is continuously present in the
animal viral entry into cells.medium (Irurzun et al., 1995). Since the nigericin action
is totally reversible under the conditions described in ACKNOWLEDGMENTS
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